Abstract-This paper proposes a hybrid sliding mode repetitive control scheme that combines both the features of the sliding mode control and the repetitive control to achieve excellent transient and steady-state system performances in voltage source inverters. The principle of equivalent control is adopted to integrate the two methodologies and to facilitate the design and analysis of the proposed scheme. A specific low pass filter is also introduced to improve the transient response of the regulation. Experimental results show that fast dynamical responses are achieved through the sliding mode control, while low harmonic distortions are achieved through the repetitive control. 
I. INTRODUCTION The pulse-width modulation (PWM) voltage source inverter (VSI) is extensively used in AC power conditioning systems. Many of such systems require the VSI to have a fast dynamical response, an accurate output regulation, and a low total harmonic distortion (THD), even when the operating load is highly nonlinear and/or distorted. Currently, most of these systems in the industry use the conventional type of linear PWM controllers, which are simple and cost effective for common applications that do not require a tight regulation standard. However, for applications requiring more stringent regulation, nonlinear control methodologies have to be employed. One such methodology is the sliding mode control (SMC) [1] [2] [3] . It has been shown that the adoption of SMC in the VSI can significantly improve the transient characteristic as well as the robustness of the VSI. However, in terms of the steadystate performance, the use of SMC in VSI cannot satisfactorily alleviate the THD. The presence of harmonic distortion is solely attributed to the imperfect tracking of the sinusoidal varying reference signal. This is a result of having only limited DC gain in the SM controller. Thus, by similar reasoning, most other control methodologies are incapable of fully containing this THD issue.
Theoretically, the alleviation of the THD would mean that the steady-state tracking of the periodic signal must be very accurate. To do this, control approaches specialized for achieving precise tracking of periodic signal have to be incorporated. One approach commonly chosen for this purpose is the repetitive control (RC) [4] , [5] , which is based on the internal model principle [6] . The basic operating principle of the RC is to observe the system's external periodic signals for one cycle period, and then to generate in the next cycle period a corresponding compensating signal that ensures precise tracking of the external signals [5] . The recent applications of the RC in the VSI to alleviate the THD are reported in [7] , [8] . It has been demonstrated that a very low THD can be obtained using this control methodology. However, the works also reveal that due to its one-cycle-delay requirement, the RC is a relatively slow-responding control technique when dealing with instantaneous transient changes. This makes it inappropriate for VSI that requires a fast dynamical response, unless the RC is incorporated along with a fast responding nonlinear control scheme. This implies a hybrid controller that simultaneously achieves the various objectives of having fast response, accurate regulation, and very low THD.
Following this direction, we propose in this paper a hybrid sliding mode repetitive control (SMRC) scheme that combines the features of SMC and RC to offer excellent transient and steady-state performances to the VSI. Note that previous works on the SMC of power converters are mainly performed in the time domain [9] , [10] , whereas the work on RC is performed in the frequency domain [8] , [11] . Thus, this paper serves to clarify the various issues concerning the combined application of both control methodologies, to provide guidelines towards their theoretical design, and to give experimental verification and evaluation of the proposed controller.
II. STATE-SPACE MODEL OF VOLTAGE SOURCE INVERTER Fig. 1 shows a typical single phase inverter system. The load to the inverter can either be resistive or wave-rectified depending on the nature of the application. Using the notation described in the figure, the state-space representation of the [..+j+u 1. and Ur, Vd, and u0 are the sinusoidal reference voltage, the input voltage, and the output voltage, respectively; C, L, and Z are the capacitance, inductance, and load impedance, respectively; and u C {-1, +1} is the control signal, which respectively generates an input voltage of-Vdc and +Vdc at the input of the LC filter. If we adopt an amplitude modulation ratio of ma =Uc(t)/Uitri < 1, where uc is the compensated control signal with amplitude uC(t), and Utri iS the amplitude of the PWM triangular carrier, then the averaged time-continuous value of the discrete control signal a will be Uc U r= i trli S = 0. With the condition S = 0, the system is represented as a second order homogeneous differential equation. A set of design equations for the under-studied inverter control system can be obtained using the approach described in [10] . Note that the selection of the sliding coefficients should comply with the stability condition of the second order system and the existence condition (5) in the sliding mode operation. With the condition S = 0, i.e., JTAx +JTBueq +JTD = 0, the equivalent control signal, which is the averaged value of the control signal u, can be obtained as
Vdc CV2 LC)(Ur (6) where -1 < ueq < +1. Since ueq is the equivalent control of sliding mode, which directly controls the inverter, it is reasonable to relate ueq with the averaged duty cycle a in (2) to establish the relationship ueq = U = uc. For inverter system working in steady state, both the input voltage Vdc and the load impedance Z are static, so equation (6) is linear, and it can be written in Laplace form as
where a is the averaged duty cycle bounded by positive and negative unity. Choosing Utri = 1, the averaged duty cycle will be simplified to -1 < a = uc < +1.
III. PROPOSED CONTROL METHODOLOGY
A. Sliding Mode Control The principle of SMC and its application to power electronics can be found in [1] [2] [3] , [9] and [10] . In this work, the commonly used PID SM voltage control structure is adopted for investigation. The (7) under the assumption that the initial condition is nulled. This transformation to the s domain is critical for combining SMC with RC. Fig. 2(a) illustrates the block diagram of an inverter with the derived sliding mode controller given in (7) . Here, the tracking error is given by theory, the existence condition of a system working in sliding mode operation can be found by using Lyapunov's direct method to solve SS < 0. By substituting (1) , (3) B. Repetitive Control The detailed description of RC and its applicatior power electronics can be found in [4] [5] [6] [7] [8] , [11] and Fig. 2(b) shows the block diagram of the proposed SD scheme with the inverter plant. It is obtained from the ' system described in Fig. 2(a) by incorporating a plug-ir component into the system. 1) Periodic Error Elimination: The tracking error o-SMRC system shown in Fig. 2(b (10) where s = jw, for all w, the stability condition of SMRC system is satisfied (small gain theorem [13] ). Equation (9) , where w0 = 27/T, we can ensure that the steadystate tracking error converges to zero at the occurrence of every harmonic. However, due to the non-idealities of the system, such an ideal design condition is practically impossible. Instead, it is more appropriate to consider the design condition:
1 -Gf (s)H(s) 0 O and 1 -Q(jko)e jkT O, (11) and for harmonics limited to a certain frequency bandwidth.
2) Selection of Repetitive Control Parameters: It is easy to understand from (11) C. Reduction of the Dynamic Sensitivity of RC As mentioned before, the operating characteristic of RC is that it uses information in the current period to generate a corresponding control signal for the next cycle period. This results in a one cycle-period time delay in the control action, which in the event of a disturbance, will introduce a distortion to the transient behavior of the system. This is because the disturbance observed by the RC will be applied to influence the system performance only one cycle-period after its occurrence. However, at that point in time, the disturbance would have already been corrected by the SMC component in the controller. Hence, the correction enforced by the RC can be regarded as a form of parasitic distortion. Note that the RC does not hinder the fast response of the SMC component since there is a direct channel from the feedback to the input of Gs1 (s) without passing through the RC (see Fig.   2(b) ). To resolve the aforementioned problem, we propose to incorporate a specific low pass filter (SLPF): L(s)= P2 s+ P2 (14) with bandwidth P2, to the RC component to filter out the high frequency disturbances of the system, i.e., to reduce its sensitivity to dynamics introduced by abrupt changes. Recall that there is already an existing frequency pole P1 in Gf (s) (see (12) ). The inclusion of the SLPF means that there will be an overlap between P1 and P2. Hence, it is sufficient to consider only the filter with the lower cutoff frequency for the design. Since the proposed SLPF is typically of a much lower bandwidth, i.e., P2 < P1 , it is sufficient to consider only the SLPF for the design of the RC component. With the filter related to P1 removed, the SLPF filter assumes both the roles of ensuring system robustness and reducing the sensitivity of RC.
IV. RESULTS AND DISCUSSIONS
An experimental system has been setup to verify the proposed SMRC using dSPACE DS1103 [14]- [16] and Matlab/Simulink to control the IGBT switches in the VSI illustrated in Fig. 1 A. Dynamic Performance The dynamic performance of the system is tested using a resistive load with step change from 1/4 load (121 W) to full load (484 W). Fig. 3 shows the corresponding waveforms of the output voltage uo and the output current io under SMC, SMRC, and SMRC with SLPF. From the figure, it can be seen that the dynamical responses of all three controllers are similarly optimal at the instance of the step load change. This is credited to the excellent dynamic property of the SMC. On the other hand, the excellent consistency of the dynamical responses also verifies that the RC does not alter the dynamical response capability of the SMC towards handling the transient disturbance. This confirms the discussion of the previous section. However, in the cycle-period following the disturbance, it is observed that while the regulations of the inverter with SMC ( Fig. 3(a) ) and SMRC with SLPF ( Fig.  3(c) ) are returned to normal, the regulation with SMRC ( Fig.   3(b) ) is distorted. As previously discussed, this is caused by the one cycle delay of the RC action. The results concurrently verify that the inclusion of SLPF can alleviate the parasitic distortion from the regulation.
B. Steady-State Performance
The steady-state performance of the proposed control scheme is tested using a rectifier load with Cr = 330 ,uF and Rr = 50 Q. Fig. 4 shows the harmonic contents in the output voltage of the inverter under SMC, SMRC, and SMRC with SLPF. A comparison of the three graphs shows that the THD of SMRC is the lowest (2.1%), followed by SMRC with SLPF (2.9%), and then SMC (7.7% control components have been discussed in the paper. It is demonstrated that a specific low pass filter can be incorporated into the scheme to reduce the system's dynamical sensitivity towards abrupt changes. This can improve the overall transient response of the system. Finally, it can be concluded from the experimental results that both the sliding mode control and the repetitive control method can be combined into a hybrid control scheme that inherits the respective advantages of the individual schemes to achieve excellent control performances in the inverter system.
